(also Table 5-1) to correct each segment of observed groundwater drawdown using the

equation:
S(t)=s(t)- s(0) - E[H(0), - H(t)] +s(0) (5-15)
where
di) = Corrected groundwater drawdown for the segment [L]
J0) = Corrected groundwater drawdown at the start of the segment [L]
s(t) = Observed groundwater drawdown for the segment [L]
0 = Observed groundwater drawdown at the start of the segment [L]
H(t) = Tidd elevation for the segment [L]
HO = Tidal elevation at the start of the segment [L]
E = Tida efficiency for the segment [dimensionless]
t = Time since beginning of the segment [T]

(6 The tidal correction procedure is repeated for all segments of the tidal and groundwater
drawdown record.

5.14.2 Approach Based on the Best-Fit Equation of Groundwater Tidal Fluctuation

In the second approach for tidal correction of groundwater drawdown data, a tidal influence curve (best-
fit equation) is generated for the period of the pumping test that reflects only tidal fluctuations. These

tidal influence curves are generated for data from each of the observation wells. Using this approach,
fluctuations in groundwater levels calcuated from the tidal influence curve are subtracted from the
observed drawdown data collected during the pumping test. The corrected drawdown can then be used to
calculate aquifer parameters.

The tidal influence curves for observation wells within the radius of influence during a pumping test can
be derived from the tidal influence curves for data from wells outside the radius of influence or from tidal
curves for the bay tide. Tida data collected at the observation wells before or after the pumping test
cannot be used because the bay tide changes significantly with time. During the pumping test, tidal
fluctuation at different wells within the pumping aguifer is generally afunction of aquifer hydraulic
properties and distance from the shoreline but not a function of time, as described in Equations 5-2

and 5-3.
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In general, the tidd influence curve at a monitoring well is described as a series of sinusoidal (or cosine)

functions asfollows:

fH)=A+3 Bign[zT_p(Hti)] (516)
i=1 i
where
A = A congtant related to the difference between groundwater and bay tide elevations [L]
B =  Theamplitude of thei* tidal constituent [L]
T, = Theperiod of the i" tidal constituent [T]
t; =  The phase of the " tidal constituent[T]

The amplitude, period, and phase of the tidal function in groundwater are related to the tidal efficiency
and time lag of the aguifer and the same parameters of the bay tidal constituents. The bay tidal
constituents in turn are caused by the rotation of the Earth about the sun, the moon about the Earth, and
the Earth on itsaxis. The amplitude, period, and phase of each tidal constituents (waves) of the tidal
influence function can be caculated through harmonic analysis, which is commonly used to predict ocean
tides at various locations in the United States. The phase of the ocean tide is determined by the starting
point of the prediction, and the phase of groundwater tidal influence is a function of the starting point of
the calculation and time lag behind the ocean tide.

Groundwater level at well MW-20 was observed using a pressure transducer during the entire period of
the aguifer test (including step drawdown and constant discharge pumping tests). Well MW-20 is located
approximately 800 feet from the NoVOCs"™ pumping well and about 140 feet from San Diego Bay. This
well is clearly outside the radius of pumping influence. Therefore, the second approach (best-fit
equation) was developed using groundwater level data for well MW-20.

The tida correction procedures for the pumping test drawdown data based on the best-fit equation
approach is described as follows:

(@] Plot the groundwater level data collected from well MW-20. Based on Equation 5-16, a
best-fit tidal curve (as a sinusoida equation) can be obtained through harmonic anaysis.
The plot and best-fit tidal curve are presented in Figure 5-2. The correlation coefficient
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(R?) of the best-fit equation (tidal curve) is0.96. Thetida curve for MW-20 is described
as.

frw. 20(1) = 360+021S|n( t)+051sm[ (t 172)]

+0693|n[ (t - 687)] + 0295|n[ (t- 8.92)] (5-17)

2 Select atime period when the pumping impact isinsgnificant (from August 1 through 4,
1998, after the deep aquifer zone step drawdown tests), and compare data for well
MW-20 with the bay tide and groundwater level data collected from other observation
wells (Figures 5-3 through 5-10)

3 Based on Equation 5-17 and Figure 5-3, generate the tidal influence curve for well
MW-45: the elevation constant (A) is caculated

4 Based on the difference between the average groundwater elevationsin wells MW-20 and
MW-45; the amplitude constants (B;) are calculated based on the differencein tidal
efficiency between the two wells; the tidal period constants (T;) are kept the same; and
phase constants (t;) are adjusted based on the starting time and the different time lags
between the two wells. The tidal influence curve for well MW-45 during the period of
the constant discharge pumping test is described as follows:

(t +0.79)] + 0125|n[ (t- 0.05)]

fynuy. a(t) =500 + 0057S|n[

+029sin—=P—(t - 7.94)] + 0155 —="— (t - 811
[12.36 ( ) = 1189 1 ) (519

5 Repeat Steps 3 and 4 to obtain the tidal influence curves for data from wells MW-46,
MW-47, MW-48, MW-49, MW-52, MW-53, and MW-54. Equation 5-17 and Figures
5-3 through 5-10 are used for determining the tidal influence functions. Thetida
influence curves for these wells during the constant discharge pumping test are described
by the following equations.

fo. as(t) = 477+oossm[ (t+03l)]+0145|n[ (t- 142)]

+ 0265|n[ (t - 813)] +0165|n[

(t - 832)] (519
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=
25.76

.o 2p . 2p
+0283sin t- 7.78)] +0163sin[——(t - 7.66
(55560 778) (1155 - 766) (5-20)

fuw. 47 (1) =451+ 006sin

.. 2p
t +295 +0142sin[——(t +0.63
( 5 [2378( )]

2 t +163)] +0163sin 2P
2576 )] +0163sin[ 5228

foy. as(t) = 471+ 012sin] (t +055)]

+026sin]

2p . 2p
1236 (t- 860)] +019si n[1189 (t- 915)] (5-21)

2p
5378

2
fo a0 () =451+ 0.02SiN[——— (t + 0:30)] + 006sin (t - 0.78)]

2576

2 2
" O.2665in[T26(t - 809)] + 0.167sin[K?9(t - 839)] 52

2
2

. 2P .
=476+ 0. —(t+ +0.
faw. s2(t) 6+ 002sin] (t +186)] +0.08sin[

0.31)]

2 2
+ 02055 ”[Tge (t- 791)] +0.08si n[Kgg(t - 914)] 5-23)

. 2p . 2p
=449+ 0, —(t+ +0. -
f . s3(t) =449+ 002sin 25.76(t 186)] 014S|n[23.78(t 142)]

2p . 2p
[ (t - 813)] +016sin[———=(t- 8.32)]

+0. i
0.26sink7 55 1189 (5-24)

=22t +031)] +01038in[—2(t - 108)]
2576 2378

22t - 813] + 0168~ (t - 8.32)]
1236 BT R (529)

f . s(t) =504 +0.035sin

+0.275sin

(6 Calculate tiddl fluctuation in groundwater using the above tiddl influence eguations for
data from al observation wells. Subtract the tidal fluctuation from the observed
groundwater elevations, and calculate tidally corrected drawdown from the tidally
corrected groundwater elevations. Using data for well MW-45 as example, the corrected
drawdown is calculated using the following equation:
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s (1) =[N(0) - fw. ()] - [N(t) - Fyw. (D] (5-26)

where

s*(t) =  Tidaly corrected groundwater drawdown [L]

h (0) =  Observed groundwater elevation at the beginning of the pumping
test [L]

h (t) = Observed groundwater eevation during the pumping test [L]

fuwas (0) = Calculated groundwater el evation from the tidal influence curve
at the beginning of the pumping test [L]

fuwas (Q) = Calculated groundwater elevation from the tidal influence curve
at the beginning of the pumping test [L]

5.15 Tidal Influence Correction for the Constant Pumping Test

As shown in Figures D2 through D6 in Appendix D, groundwater level data collected during the constant
discharge pumping test in the upper aguifer zone showed significant tidal influence. In order to use the
pumping test data to calculate aquifer hydraulic parameters, the observed groundwater drawdown must be
corrected for tidd influence. The goal of the tidal influence correction is to separate groundwater
drawdown caused by pumping from groundwater fluctuations caused by tidal influence, only the
pumping-induced groundwater drawdown is used to calculate aquifer parameters.

Two tidal influence correction approaches are developed and discussed in Section 5.1.4. Both approaches
are used to correct the drawdown data collected during the constant discharge pumping test in the upper
aquifer zone. The two key tida influence parameters, tidal efficiency and time lag, are applied in the first
approach to derive fluctuations in groundwater caused by tides at the observation wells. The parameter
values are initially calculated from the April 1998 tidal study data. Because the bay tide during the
pumping test (July/August 1998) was different from the tide in April 1998, the parameters are adjusted to
provide the best results of tidal influence correction. Table 5-2 shows the adjusted tiddl efficiency and
time lags used for the tidal influence correction.

Observed San Diego Bay tide and groundwater levelsin well MW-20, the simulated tidd influence
(curves), and observed groundwater levels for well MW-45 during the constant discharge pumping test
are compared in Figure 5-11. The figure shows that the tidal influence decreased with distance from the
bay, and that the simulated tidal influences using the two different approaches are smilar.
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Figures 5-12 through 5-19 compare the observed and corrected groundwater drawdown data at different
observation wells for the constant discharge pumping test. As shown in these figures, the original
observed groundwater drawdown graphs indicate significant tidal influence. After correction for tidal
influence, the groundwater drawdown curves show typical groundwater level drawdown caused by
pumping. The figures aso show that the tidal influence corrections using the two different approaches
are generdly in close agreement. The corrected groundwater drawdown data using the linear relationship
approach are applied in Section 5.3 to calculate aquifer parameters.

In summary, two new approaches for tidal correction of groundwater drawdown data collected during a
pumping test have been developed. The corrected drawdown data using both approaches correlated
reasonably well with each other and reflect typical pumping test responses. Some uncertainties associated
with both tidal correction approaches include impact of aquifer heterogeneity, differencesin tidal
fluctuation during different tidal periods (tidal cycles), and interpolation of tidal data to match frequent
data records at the early stage of the pumping test.

5.2 CALCULATION OF SPECIFIC CAPACITY AND WELL EFFICIENCY

This section presents the calculations of specific capacity and well efficiency for the NovVOCs™well.
The calculations are based on water level data collected from the step-drawdown test conducted in the
upper screened portion of the well (screened in the upper aquifer zone), the step-drawdown conducted in
the lower screened portion (screened in the deep aquifer zone), and the water injection test conducted in

the upper screened portion.

5.2.1 Specific Capacity Calculation

Specific capacity of a pumping well is calculated based on (1) the pumping rate and measured maximum
drawdown for pumping tests, or (2) the injection rate and maximum water level rise for injection tests
(assuming the drawdown and water level rise had stabilized) during each test step. The upper aquifer
zone step-drawdown test was conducted in three steps. The upper aquifer zone step-injection test and the
deep aquifer zone step-drawdown pumping test were each conducted in four steps. The specific capacity
is cdculated using the following equation:
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G = 9 (5-27)
S
where
g = Specific capacity [L*T™]
Q = Pumping (or injection) rate [L*T]
S = Maximum drawdown (or water level rise) [L]

Figures C1, E1, and F1 (Appendices C, E, and F) show the water levels during the step tests. Table 5-3
shows the step test data and cal culated specific capacities for each step of the tests. Based on the upper
aquifer step-drawdown test, specific capacity of the NoVOCs™waell calculated for various steps ranges
from 1.35 to 1.70 gpmV/ft, with the average of 1.48 gpm/ft. The upper aguifer injection test shows similar
results, and the calculated specific capacity ranges from 1.45 to 1.57 gpm/ft, with the average of 1.50
gpm/ft. The specific capacity values estimated from the deep aquifer step-drawdown test are higher than
for the upper aquifer zone. The calculated specific capacity for the deep aquifer ranges from 3.02 to
3.51 gpm/ft, and the average specific capacity is 3.22 gpm.

522 Well Loss and Well Efficiency

The theory and concept of well loss and well efficiency and applied approaches for step-drawdown test
data analysis have been extensively discussed in the literature. Currently, there are till different theories
and approaches to calculate well efficiency. This section presents a brief evaluation of different
approaches (Section 5.2.2.1) and calculation of well loss and well efficiency for the NovOCs™well
based on the step-drawdown and step-injection test data (Section 5.2.2.2).

5.2.2.1 Evaluation of Different Approaches

The discussion of well loss and well efficiency are somewhat conflicting and confusing, as reflected in
the literature (Jacob 1947; Rorabaugh 1953; Driscoll 1986; and Kawecki 1995). According to Jacob
(1947), total drawdown in a pumping well can be divided into two components:. (1) aquifer drawdown
that can be described as alinear (first order) function of pumping rate and (2) well loss (caused by

turbulent flow) that can be described as an second-order function of the pumping rate, as follows:

s=BQ+CQ? (5-29)
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where

= Total drawdown (or water level rise) in the pumping (injection) well [L]
Pumping rate [L°T™]

= Aquifer drawdown coefficient [LT]

= Well loss coefficient [L°T?]

O ©® O v
I

Rorabaugh (1953) proposed a more genera empirical form of well loss that is described as a ri™-order

function of the pumping (or injection) rate. Thus, the total drawdown can be expressed as follows:

s=BQ+CQ" (5-29)

Step-drawdown tests are commonly used to determine B, C, and n. Rorabaugh (1953) used n values
ranging from 2.43 to 2.82; however, Lennox (1966) reported that n=3.5 was more suitable for his step-
drawdown test data analysis. In practice, Equation 5-28 has been more widely used and the well loss
component is generaly considered a second-order function of the pumping rate (n=2). BQ represents
aquifer drawdown caused by pumping, and CQ? represents the well loss. Once the coefficients B and C
are determined, the well efficiency E, (in percent) is calculated as follows:

2
_5-CQ. 1o (5-30)
S

EweII

Driscoll (1986) pointed out that Jacob’s and Rorabaugh’s definitions of well loss and well efficiency were
inadequate and that their assumptions that well loss is attributable to turbulent flow and aquifer drawdown
is attributable to laminar flow were incorrect. Based on Driscoll (1986), a portion of the CQ? term might
actually come from aquifer drawdown and portion of BQ term might include well losses. Driscoll’s
conclusion was reportedly based on testing of hundreds of wells, however, no details were given
regarding the tests and data.

Kawecki (1995) concluded that traditional methods of analyzing step-drawdown test data produce
information (well loss and well efficiency) that can be mideading, inaccurate, or meaningless. Kawecki’'s

conclusion is based on the assumption that well losses include both linear and nonlinear components.
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Kawecki separated the aquifer drawdown coefficient (B) into B, and B,; where B, represents the “true
aquifer drawdown” coefficient as a function of “real well radius’ and time, and B, represents the linear

well loss coefficient.

Calculating the well efficiency based on the “true aquifer drawdown” and “rea well radius’ is not a
smple task because the “true aquifer drawdown” cannot be readily measured in most cases. Calculated
aquifer drawdown is generally not accurate because of uncertainties associated with the parameters and
moded assumptions. The methods provided by Driscoll (1986, page 558) and Kawecki (1995) both

require accurate values for aquifer and pumping well parameters. Driscoll’s and Kawecki’ s examples
show that the calculated well efficiencies based on the aquifer and pumping well parameters can have a
large range of values because of uncertainties of the estimated parameter values. Therefore, the methods
by Driscoll and Kawecki are inaccurate and impractical.

Dawson and Istok (1991) proposed two methods to determine the well efficiency. The first method is
similar to the Driscoll (1986) method that requires calculation of the theoretical aquifer drawdown based
known aguifer transmissivity and storativity values. The second method plots distance-drawdown data
from at least three observation wells and extrapolates a straight fitted line to project aquifer drawdown at
the pumping well. There are two problems with this method: (1) aguifer drawdown is not alinear
function of distance, nor alogarithmic linear function of distance because Jacob simplification of Theis
equation is not vaid for short duration of step-drawdown tests; and (2) alarge extrapolation will pose
significant error in determining the actua aquifer drawdown at the pumping well. Both methods
proposed by Dawson and Istok, therefore, are also inaccurate and impractical.

Wil efficiency calculation in this study is based on the traditional concepts that well losses are caused by
turbulent flow near and within the pumping well and aguifer drawdown is aresult of laminar flow. The
well losses can be described as a second-order function of pumping rate and aquifer drawdown is
determined as a linear function of the pumping rate (Equation 5-28). For this studly, it is believed that
Equations 5-28 and 5-30 is adequate and applicable to caculate the well efficiency.

S:\NoVOCs\Draft Report\Text\Draft Report Rev2.doc 517



5.2.2.2 Calculation

Wl loss and well efficiency can be calculated using graphical methods and computationa approaches
based on step-dravdown pumping test data. A simple graphical method that has been widely used isto
plot §Q versus Q (Bierschenk 1964). Rearranging Equation 5-28, §/Q can be expressed as.

s
~=B+CQ

0 (5-31)
Based on Equation 5-31, Q versus Q plots should yield a straight line with dope C and y-axis
intercept B.

The disadvantages of this graphical approach are: (1) high uncertainty because multiple steps (at least
three) of step-drawdown test data may not adequately fit a straight line (low correlation coefficient); and
(2) calculation error will increase significantly when the pumping rate is relatively low and well lossis
small (nearly ahorizontd line).

The straight line graphical method is not appropriate for analyzing the NoVOCs “\well step test data
because §/Q versus Q plots are scattered. The data poorly match a straight line (correlation coefficient,
Rz, isless than 0.62; see Figures 5-20 and 5-21). In some cases, a straight line cannot be obtained.
Examples of /Q versus Q are presented in Figures 5-20 and 5-21.

A new graphical approach developed for this investigation was therefore used instead to calculate aquifer
drawdown and well loss coefficients (B and C) in this study. The observed total drawdown (S) versus
pumping rate (Q) is plotted and a best-fit second order polynomial function is generated using the least-
sguare method (Figure 5-22 through Figure 5-24). Based on Equation 5-29, parameters B and C are
determined by the best-fit curves. Figures 522 through 5-24 show that the correlation coefficients (R?) of
the best-fit equations range between 0.97 to 0.99. For the upper aquifer injection test, water level riseis
used instead of drawdown (Figure 5-23).

Wil efficiency calculation results are presented in Table 5-4. As shown in the table, the calculated well

efficiencies for both shallow and deep NoVOCs™wells are quite high, ranging from 77 to 99 percent.

These efficiencies indicate that well losses through the well screen and sand pack are relatively low for
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the pumping and injection rates used in the step tests. The well efficiency will decrease when pumping
rates increase.

Table 54 aso shows that the shallow well injection efficiency (average 97 percent) is higher than the
pumping efficiency (average 82 percent). There are several explanations for the higher injection
efficiency. First, the shallow well was redeveloped just before the injection test because of the
inadvertent injection of turbid water from a dirty hose. The well was subsequently pumped intensively
(five times the volume of water injected) to clean the well. Second, the injected water was clean tap
water that was less turbid than the aquifer water being pumped. Third, uneven cuts of screen dots
between the inside and the outside of the well screen may cause outward (injection) flow to be less
turbulent than inward (pumping) flow.

The injection efficiency calculated using the step-injection test datais consistent with the well efficiency
based on measured water level risesinside and outside of the well screen (upper piezometer data). Well
efficiency was aso evaluated using the dipole test data (see Section 5.5 of thisreport). The dipole test
data may be more representative of the NoVOCs"™ operation efficiency because injected water was drawn
directly from the deep aquifer. Conversely, the injected water used for the upper aquifer injection test
was clean tap water. Clean tap water has different physical and chemical characteristics (particularly
turbidity, pH, and Eh) from the aguifer water, and it may have affected the injection test results.

5.3 AQUIFER HYDRAULIC PARAMETER CALCULATION

This section analyzes the data from the constant discharge pumping test conducted in the upper screened
portion of the NoVOCs™well and presents calculations of values for various aquifer hydraulic
parameters. Many anaytica models are available to analyze pumping test data and calculate aquifer
hydraulic parameters. Different models were developed to smulate a variety of aquifer conditions. The
first and most critical step in a pumping test data analysisis to select an appropriate model (or models) for
the specific aquifer conditions, pumping and observation well construction, and pumping test
configurations.

The analytical model for the NoVOCs™well pumping test data evaluation was selected based on the site
hydrogeologic conceptud modd, the pumping test configuration (including pumping and observation
well construction), and the pumping test drawdown response characteristics. Section 5.3.1 summarizes

the site hydrogeology and presents the site hydrogeologic conceptual model. Section 5.3.2 describes the
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pumping test configuration. Section 5.3.3 discusses the drawdown response characteristics of the
pumping test. Section 5.3.4 discusses selection of the analytical model, and describes the selected model
and its applicability. The results of parameter calculation are discussed in Section 5.3.5.

5.3.1 Site Hydr ogeologic Conceptual Model

The site hydrogeology has been discussed in Section 2.5. The site hydrogeologica conceptual model for
the tested aquifer is summarized as follows:

The aquifer isathick layer of fine sand that is generally composed of artificid fill and
shalow marine-deposited sediments. The aquifer extends from the ground surfaceto a
depth of approximately 105 feet bgs across the site.

The aquifer is underlain by an impermeable layer (aquitard) of clay (the B clay), which
forms the base of the aquifer. Severa less permeable layers such as dense or silty sand
and the A silt/clay exist within the aguifer in variable thicknesses (generally less than a
few feet); none of these less permeable layers behave as significant aquitards because
they are relatively thin and lack lateral continuity.

Although the aguifer is heterogeneous and anisotropic in alarge scale, it canbe
considered homogenous and horizontally isotropic within the zone of pumping influence
because the grain size of the fine sand layer is relatively uniform. The aquifer is
vertically anisotropic.

The aquifer is generally under unconfined conditions. The lower portion of the aquifer
below the dense sand layer may be under semiconfined conditions.

Theinitial water level in the tested aquifer was observed at approximately 17 feet bgs.
Groundwater generally flows to the west toward San Diego Bay; however, the
groundwater gradient is small and relatively flat.

Groundwater recharge and discharge are primarily through lateral flow. Vertical
infiltration is another source of groundwater recharge. No precipitation occurred during
the pumping test period; therefore, the vertical recharge is negligible.

San Diego Bay is considered a lateral boundary of the aquifer. However, the drawdown
responses from the pumping test do not reach the bay, which is approximately 1,000 feet
from the test site. Consequently, boundary effects of pumping are considered
inggnificant.

The aquifer istidaly influenced. Tida influence correction may be needed for the
drawdown responses in the observation wells.

S:\NoVOCs\Draft Report\Text\Draft Report Rev2.doc 5—20



5.3.2 Constant Discharge Pumping Test Configuration

Pumping test configuration is important in selecting anaytical models. Construction details of the
pumping and observation wells, the pumping rate and duration, and the spatial orientation of the
observation wells for this pumping test study are discussed in Sections 4.1 and 4.3. The constant
discharge pumping test configuration was as follows:

Groundwater was pumped from the upper screened interval of the NovVOCs™wel, which
is 43 to 47 feet bgs.

Pumping well diameter is 8 inches, and boring diameter is 14 inches (including sand
pack).

Pumping rate was kept constant at 20 gpm.

Pumping duration was 32 hours.

Initial groundwater level was approximately at 17 feet bgs.
Saturated thickness of the tested aquifer was estimated at 88 feet.

Drawdown was monitored in 10 observation wells surrounding the pumping well, but the
data logger mafunctioned at two of the observation wells (MW-50 and -51).

Distances between the observation wells and the pumping well range from 27.7 to 107.9
feet.

Most of the observation wells have 5-foot screens, except for MW-54 which has a 40-feet
screened interval.

The observation wells are screened at various depths of the aquifer, ranging from 38 to 78
below ground surface.

The pumping well and dl of the observation wells are al partially penetrating wells.

Table 55 summarizes the pumping test configuration; this information was used for data interpretation
and calculation of aquifer hydraulic parameters.

5.3.3 Drawdown Response Char acteristics

In genera, drawdown data from the pumping and observation wells are plotted in linear, semilogarithmic,
and logarithmic scales. By comparing the drawdown plots with type curves, many important features of
the aquifer conditions can be characterized. Some of the important features include well loss or wellbore
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storage effects, pumping rate variations, leaky aguifer condition, positive (recharge) or negative
(impermeable) boundaries, and delayed yield effects.

Evaluation of drawdown responses for this pumping test study is complicated because of tidal influences
during the test. The magnitude of the maximum observed drawdowns in each of the observation wellsis
smilar to the magnitude of the tidal fluctuations in the aquifer (see Figures 5-12 through 5-19).

Therefore, data cannot be analyzed before tidal correction ismade. Thetida influence correction
procedure and corrected drawdown results were described in Section 5.1 of thisreport. The drawdown
data analysis of al the observation wells is based on the corrected data. The pumping well drawdown
(more than 16 feet) was significantly greater than the tidal fluctuations in the groundwater level (less than
0.8 feet). Consequently, the pumping well data do not need correction for tidal influence.

Table 5-6 summarizes the drawdown responses for all wells during the constant discharge pumping test.
The initia response time is the time at which drawdown in an observation well isfirst postively
identified. The water levels were affected by tidal influence, and the maximum drawdown values

presented in Table 5-6 may include numerical error caused by thetidal correction.

The initial response time and maximum drawdown observation wells show that the wells constructed at
different depths all responded to pumping in the upper aquifer zone. There are dight variationsin
response time and maximum drawdown at the well cluster nearest to the pumping well (MW-45, MW-46,
and MW-47). These dight variations disappeared with distance from the pumping well, as noted in well
cluster MW-48 and MW-49, with the response time increasing and maximum drawdown decreasing with
depth. Thistype of response shows that the vertical hydraulic connection between the upper aquifer zone
and lower aguifer zone is good; the dense or silty sand layers do not behave as a significant aquitard.

Table 5-6 adso shows that the maximum drawdown and response time in the observation wells vary
inversely with distance from the pumping well. This inverse relationship indicates that the aquifer is
relatively homogeneous and isotropic in horizontal directions.

The log-log plots of the drawdown data for the observation wells (Figures 5-25 through 5-32) shows that
the early data follow the Neuman type curve A closely. These early data were recorded in a short period
during which the tiddl influence isinsignificant; therefore, tidal correction is minima. The corrected late
drawdown data clearly show the delayed yield effects that may be attributed to delayed gravity water
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releases near the water table or the vertical flow component caused by partialy penetrating pumping and

observation wells. The late data may also include errorsin thetidal influence correction.

The following summarizes the drawdown responses of the observation wells during the constant

discharge pumping test:

5.34

Drawdown responses were identified in all of the observation wells within a radius of
108 feet; positive identification of drawdown is defined as drawdown is greater than
0.01 feet (any data recorded below 0.01 feet include significant transducer and data
logger error).

Early drawdown responses in the wells show that the data plots closely follow the Theis-
type curve; the intermediate and later data indicate delayed gravity yield effects.

In horizontal directions, maximum drawdown decreases, while the response time
increases, with distance from the pumping well, suggesting horizontal homogeneity and
isotropy of the aguifer.

In vertica directions, dight differences in maximum drawdown and responding time
were observed among the well clusters 30 feet away from the pumping wells. The
differences are less digtinguishable in the well cluster 60 feet from the pumping well.
These differences may indicate that vertical anisotropy exists within the tested aquifer;
however, a significant or continuous aquitard probably does not exist between the upper
and lower aquifer zones.

Selection of Analytical M odel

Based on the site hydrogeol ogic conceptual model, the pumping test configuration, and drawdown

response analysis discussed in the previous sections, the tested aquifer is considered a thick unconfined

aquifer with some vertica anisotropy. Both the pumping well and observation wells partialy penetrate

the agquifer. Neuman’'s delayed yield modd for partialy penetrating wells in an unconfined aquifer
(Neuman 1975) was selected as the most appropriate analytical mode for the pumping data test analysis.

Neuman’'s model simulates two stages of groundwater release from an unconfined aguifer to a pumping

well. At the early stage of the test, groundwater is released from the aquifer by water pressure decreases

and aquifer compression. At the later stage, groundwater is primarily released by gravity drainage of the

aquifer matrix (delayed yield), which usually causes a decrease in the groundwater drawdown rate.
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Four parameters can be calculated by curve matching techniques used in the Neuman method:
transmissivity (T), Storativity (S), specific yield (S)), and Neuman delayed yield factor (b). Aquifer
transmissivity is defined as hydraulic conductivity multiplied by aquifer thickness; it measures the

volume of groundwater that flows through a vertical area defined by unit width and entire thickness of the
aquifer per unit time under unit groundwater gradient. Storativity measures the aquifer potential for water
release by pressure decrease and aquifer compression, defined as the volume of water released from
storage per unit surface area of aquifer per unit decline in hydraulic head. Specific yield measures
unconfined aquifer potential for water release by gravity drainage; it is defined as the volume of water
released from storage in an unconfined aquifer per unit aquifer volume. The Neuman delayed yield factor
measures the effect of delayed yield from vertical gravity drainage and is related to the ratio of vertical
hydraulic conductivity to horizontal hydraulic conductivity (K./K,), defined as follows (Neuman 1975):

K, _, b?
< b (532
where
b = Neuman delayed yield factor [dimensionless)
b = Saturated thickness of the aguifer [L]
r = Distance from the pumping well to the observation well [L]
K, = Vertical hydraulic conductivity of the aguifer [LT™]
K, = Horizontal hydraulic conductivity of the aquifer [LT™]
5.35 Results and Discussion

Aquifer hydraulic parameters were calculated using the groundwater pumping test data analysis software
package AQTESOLV™ (Duffield and Rumbaugh 1991; HydroSOLVE 1996). The Neuman delayed
yield model for partially penetrating wells in unconfined aquifers was selected to analyze the groundwater
drawdown data corrected for tidal influence. Log-log plots of drawdown versus time were prepared, and
the plots were matched visually with the Neuman type curves. The automatic matching option (using the
least-square computational approach) offered by AQTESOLV™ was not used because the computational
method is insengitive to the early data match and biased toward the data in the late stage of the test. The
late data may include more errors caused by tidal influence and tidal correction. In addition, early data
matched to Neuman’ s type curve A isimportant for accurate estimation of aquifer hydraulic parameters.
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Figures 5-25 through 5-32 show the drawdown plots and the Neuman type curve matching for the various

observation wells. As shown in the figures, the Neuman delayed yield type curves match well with the

corrected drawdown plots. The drawdown data clearly illustrate the delayed gravity drainage effects.

The curve matches in these figures indicate that the aquifer parameter calculation based on the pumping

test data is representative.

Table 5-7 presents the results of the aquifer hydraulic parameter calculation using AQTESOLV™. The

calculated aquifer hydraulic parameters are summarized as follows:

The calculated aquifer transmissivity ranges from approximately 2,200 to 2,780 ft*/day.
The aquifer hydraulic conductivity was calculated based on the saturated aguifer
thickness of 88 feet, ranging from 25 to 32 feet per day (ft/day) or 0.009 to 0.011 crm/sec.
The range of the estimated hydraulic conductivity istypicd for fine sand, which is
consistent with the aquifer’s lithologic conditions at the site.

The estimated aquifer storativity ranges from approximately 0.001 to 0.008. Inthe
Neuman delayed yield moddl, storativity represents the elastic release of water from the
aquifer matrix at an early stage of the pumping test.

Specific yield of the testing aquifer ranges from 0.02 to 0.12, gpproximately one to two
orders of magnitude greater than the storativity values. The estimated specific yield
values are within the typical range for unconfined aquifers.

The estimated ratio of vertical to horizontal hydraulic conductivity ranges from 0.08 to
0.3. Theratios were caculated from the Newman delayed yield factor based on equation
5-32. The calculated ratios indicate the aquifer is considerably anisotropic in the vertical
direction.

Generdly, the estimated aguifer hydraulic conductivity values may represent the average horizontal

properties of the testing aquifer. The hydraulic conductivity values calculated from data for the

observation wells near the pumping well may be more representative of the upper zone condition. The

calculated transmissivity, storativity and specific yield vaues are relatively constant for various depths of

screened intervals and different distances from the pumping well, showing that the hydraulic property of

the aquifer is relatively homogeneous.

5.4

DETERMINATION OF GROUNDWATER FLOW PATTERNS

Previous site investigations indicate that groundwater generally flows west in the vicinity of the

NoVOCs™well. However, the mean groundwater flow direction and the horizontal and vertical
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hydraulic gradients have not been adequately characterized in those investigations because tidal effects
and variable groundwater densities caused by sea water intrusion were not considered. This section
discusses the principles, procedures, and results of groundwater flow pattern determination, including
mean groundwater level calculation from tidally influenced water levels and density correction for
groundwater hydraulic gradient.

54.1 Mean Groundwater Level Calculation from Tidally Influence Water Levels

One widely applied method to calculate mean groundwater elevation from tidaly influenced water levels
was developed by Serfes (1991). The Serfes method is a three-step filtering approach (caculating
moving averages) that uses hourly groundwater level data collected during a 70-hour period. The three-
step filtering approach provides more accurate average groundwater levels than the straight arithmetic
mean. The Serfes method was modified as explained below because water level data unaffected by
aquifer testing for 70-hour periods were not available. The periods of data unaffected by pumping tests
ranged from 30 to 62 hours. Also, the Serfes method was modified to allow the use of data collected
more frequently than the 1-hour interval specified by Serfes (1991). Water levels were monitored at
20-minute intervals for the upper aquifer zone wells and at 15-second intervals for some of the lower
aquifer zone wells.

The modified method is based on an average period of approximately 25 hours for a complete tidal cycle
consisting of two high tides and two low tides. The procedures for the modified method for data of 20-
minute frequency are as follows:

1 For a 50- to 75-hour groundwater elevation data series{H; , i=1,2, ..., n} with 149 £n
£ 224, compute the first sequence of means{X; ,j =1, 2, ..., n74} asfollows:

12 _
X, :7_5é H,., Wherej=12,...,n- 74 (533

m=0

where
X
Hny = Groundwater elevation datain 20-minute interval [L]

The first sequence of means[L]

2. Then, the second sequence of means{Y,} {k=1,2, ..., n142} is caculated as follows:

S:\NoVOCs\Draft Report\Text\Draft Report Rev2.doc 5—26



174

Y, =7—5é X,., Where k=12,..,n- 148 (534)
m=0
where
Y = The second sequence of means [L]
Xk = The first sequence of means [L]
3. Finally, the mean groundwater elevation M is calculated as follows:
1 n-0148
M = Y,
n- 148 21 K (5-35)
where
M = The mean groundwater elevation [L]

The mean groundwater elevations for wells MW-45, MW-47, and the upper screen of the NoVOCs"'well
were calculated using an electronic spreadshest following the procedures above. Groundwater level data
for wells MW-48, MW-49, MW-52, and MW-53 were recorded in 15-second intervals; therefore,
calculation procedures for the mean elevation were further modified to use al the data that had been
collected. The principle of this modification is the same as discussed above.

The mean groundwater elevations calculated for wells MW-45, MW-48, MW-52, and the upper screen of
the NoVOCs™well represent groundwater flow patternsin the upper aquifer zone. The mean
groundwater flow direction in the lower aquifer zone was characterized by the mean water elevation data
from wells MW-47, MW-49, and MW-53. Data for other monitoring wells were not used because the
wells were either constructed between the two zones or fully penetrate the aguifer. Groundwater elevation

data for some of the wells are not available.

5.4.2 Density Correction of Groundwater Levels

Evaluation of groundwater flow pattern in the vicinity of the NoVOCs™well is further complicated by
seawater intrusion. The sdinity of groundwater at the Site is generaly 2 to 3 percent and the density of
groundwater samples from amost al the monitoring wellsis greater than 1 gram/cubic centimeter

(glen?). In addition, groundwater density varies by well location and depth. In generd, the density of
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groundwater is higher in the lower aquifer zone. In the following sections, the calculation of equivalent
fresh-water heads and the correction of groundwater levels measured by pressure transducers are
discussed.

5421 Calculation of Equivalent FreshhWater Heads

Cdculation of equivaent fresh-water heads (elevations) from an aquifer with variable water density is the
first step of the density correction. Equivalent freshrwater heads plotted on maps and contoured are
necessary to estimate horizontal groundwater flow direction and hydraulic gradient. The apparent head
measurements in a density-variable aguifer should not be used to plot groundwater level contour maps.

the contours of such plots will be mideading because the density effect can cause water to flow from
apparent low to apparent high heads.

The following discussion presents the principles and procedures for caculating the equivalent fresh-water
head. Density correction procedures for data collected by pressure transducer are different from those for

manua measurements using water level indicators.

Groundwater hydraulic head is a sum of elevation head and pressure head, described as follows (Freeze
and Cherry 1979):

h=z+y (5-36)
where
h = The hydraulic head [L]
z = Elevation of the point of measurement [L]
Y = The pressure head [L]

The pressure head of groundwater is a function of gage pressure and groundwater density; therefore, the
hydraulic head can be further defined as follows:

h=z+— (5-37)
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where

p = Groundwater gage pressure [MLT?]
r = Groundwater density [ML™]
9 = Gravitational acceleration [LT?]

Equation 5-37 shows that the hydraulic head (h) for higher density water will be less than the hydraulic
head for fresh water under the same pressure and elevation conditions. Groundwater does not necessarily

flow from the higher head to the lower head under this circumstance.

From Equation 5-37, the measured groundwater elevation above the MLLW in a monitoring well at the
dgteisasfollows:

— P
h=z+—
r9 (538)
where
h = The measured groundwater elevation using water level indicator [L]
ro = Density of groundwater in the well [ML ]
z = Elevation of the middle point of the well screen above (positive) or below
(negative) adatum [L]
P = Groundwater gage pressure at the middle point of the well screen [ML™T?]

Also from Equation 5-37, the equivaent fresh-water head above the datum in the monitoring well is given
by:

h =z+— (5-39)
where

K

Mo

Equivaent fresh water head above the datum [L]
Density of fresh water (assumed to be 1) [ML™]

Considering that the gage pressure of groundwater in the well is constant, Equations 5-38 and 5-39 can be
combined to obtain the following equation:
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(h"-2)reg=(h-2)r,g (5-40)

Rearranging Equation 5-40 and substituting specific gravity g=r ,/r ( into the equation, the equivalent
fresh-water head, h', is defined as follows:

h"=gh+(1-g)z (5-41)

where
g = Specific gravity of the groundwater [dimensionless)

Equation 5-41 should be used to calculate equivalent fresh-water head based on the water level
measurements collected manually by water level indicators. Equation 5-41 may be used for pressure
transducer data under certain circumstances, as explained in the next section.

5.4.2.2 Correction of Groundwater Levels Measured by Pressure Transducer

Pressure transducers measure water pressure. The water pressure reading is usually converted by data
logger software to awater head above the transducer. The conversion is usually based on the density of
fresh water (Equation 5-39). If the water density differs from that of fresh water but the conversion is

based on fresh water, the resulting water head value will be the fresh water equivaent head relative to the

transducer. If the conversion is based on the actual density of the water (Equation 5-38), the resulting

water head value will be the actual water head relative to the transducer. Correcting pressure transducer

data for density effects depends on whether raw pressure data were converted to heads using fresh water

density or actual water density. Correcting the data aso depends on (1) the manner in which the data
logger software processes the data, (2) whether initial water levelsinput into the data logger have been

corrected for density effects, and (3) whether multiple manual water level measurements are available for

the data recording period. Severa cases of data handling are discussed below (data logger configurations

are described in bold, followed by an explanation of corrections that should be applied):

Case 1: The actual density of the groundwater was measur ed and the data logger
used actual density to convert pressure data to water head above the transducer.
Theinitial water level, measured manually and input into the data logger, was not

corrected for density effects.
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5.4.3

All water levels recorded by the data logger are actual water levels and not fresh-water
equivalent water levels. Equation 5-41 should be used to convert al water level data
output from the data logger.

Case 2: The actual density of the groundwater was measured. Theinitial water
level (manually measured) was corrected to a freshrwater equivalent using
Equation 5-41 and input into the data logger. The data logger used freshwater
density to convert pressureto freshrwater equivalent head above the transducer.
The data logger was set up to record changes from the initial water level.

No additional density correction isrequired. All datalogger output will be freshrwater
equivaent water levels.

Case 3: Actual density of groundwater was not considered in the data logger
configuration. Multiplemanual measurementsof water levelswer e collected during
the recording period.

Using the manual measurements, which represent the apparent groundwater elevations,
the pressure transducer data should be adjusted to aso represent apparent groundwater
elevations. Equation 5-41 can then be applied to the entire adjusted data set to obtain
equivalent fresh-water elevations.

Case 4: Actual density of groundwater was not considered in the data logger
configuration. Only initial manual measurement of water levels was collected
during therecording period.

The change in water level from the initial data point should be calculated for each
pressure transducer data point. The initia pressure transducer data point should be
adjusted to represent the apparent water level elevation based on the initial manua water
level measurement. Equation 5-41 should be applied to the adjusted initial groundwater
elevation to obtain the initial fresh-water equivaent elevation. No density correction is
needed for the water-level changes calculated from the pressure transducer data. The
water-level changes should be directly added to or subtracted from the density-corrected
initial groundwater elevation to obtain freshrwater equivaent elevations for the entire
data set.

Corrected Water Levelsand Horizontal Groundwater Flow Direction

Groundwater €levations and drawdown changes were measured using pressure transducers during the

various phases of the aguifer tests. Manua water level measurements were also collected at the pumping

well and at most observation wells during the tests. The data were corrected following the procedures

specified for the Case 3 and Case 4 examples discussed in the previous section. The corrected results are

presented in Appendixes C through G.

S:\NoVOCs\Draft Report\Text\Draft Report Rev2.doc 5—31



Static groundwater levels were corrected for tidal influence following the procedures discussed in

Section 5.4.1. Mean groundwater elevations for the upper aquifer zone were calculated using the upper
screen of NoVOCs™ well and the three upper zone NoV OCs™ observation wells (MW-45, MW-48, and
MW-52). Mean groundwater elevations for the lower aquifer zone were calculated using the three lower
zone NoVOCs™observation wells (MW-47, MW-49, and MW-53). The mean groundwater elevations
after tidal correction are listed in Table 5-8.

The equivalent fresh-water heads of the mean groundwater elevations were calculated following the
procedures discussed in Section 5.4.2. The first step of the calculation is to obtain density data for
various monitoring well locations and aguifer depths because the groundwater density was not directly
measured. Jacobs Engineering Group, Inc. (1995b) applied an empirica equation developed by de
Marsily (1986) to calculate groundwater density from total dissolved solids (TDS) data. The empirical
equation was developed based on a laboratory test with sodium chloride solution and alinear regression
anaysis.

The empirica eguation developed by de Marsily (1986) is as follows:
r =( 687" 10" Cppg ) +9984575 (5-42)

where

r Groundwater density (kg/n)

Cips = TDS concentration (mg/L)

The groundwater density and results for equivalent fresh-water head calculation are presented in
Table 5-8.

The mean equivalent fresh-water head contours for the upper aquifer zone are plotted in Figures 5-33 and
5-34. Figure 5-33 isbased on four points (including data for well MW-48), and Figure 5-34 is based on
three points (excluding data for well MW-48). The two presentations (with and without data for well
MW-48 data) are provided because the screen of well MW-48 is at alower eevation than in the other
three wells used to construct the contours. The mean equivalent freshrwater head contours for the lower
aquifer zone are plotted in Figure 5-35. These contour maps represent the mean static water levels and

flow directions with tidal and pumping influences removed. Effects caused by variation in groundwater
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density variation were also corrected. These contour maps are considered representative of the natural
groundwater flow pattern.

As shown in Figures 5-33, 534, and 5-35, groundwater generally flows to the west or northwest in both

of the upper and lower aguifer zones. The horizontal hydraulic gradient in both aquifer zones is relatively
flat, ranging from 0.005 to 0.01 feet per feet in the upper zone and approximately 0.006 in the lower zone.
Data for generating the contour maps were limited (four points for the upper aquifer zone and three points
for the lower aquifer zone) because other NoVOCs™observation wells were completed at depths between
the two aquifer zones. Also, data were not available for some of the observation wells because of data

logger malfunction.

5.4.4 Vertical Hydraulic Gradient Correction

Calculation of vertical hydraulic gradient in a fresh-water aquifer (groundwater density of 1 g/cn?) is
smple: for two vertically aigned wells, the vertical hydraulic gradient equals the head difference between
the wells divided by the distance between the midpoint of the well screen intervals. However, calculation
of vertical hydraulic gradient in a dengity-variable aquifer is relatively complex. Incorrect calculations of
the vertical hydraulic gradient by smply using equivaent freshr-water heads to determine the head
difference are common. The vertical hydraulic gradient in a density-variable aquifer is a function of the
equivalent fresh-water heads, the distance between the two intervals, and the groundwater density. This
section discusses the principles and the reason for caculating vertica hydraulic gradient differently from
the horizontal hydraulic gradient. The procedures to calculate the vertical hydraulic gradient in a density-

variable aguifer are also presented.

Vertica hydraulic gradient is not calculated in this report because limited groundwater density data are
available. Also, vertica hydraulic gradient was not identified as a key parameter in the pumping test data
analysis and NovVOCs™well evaluation. The equations and procedures discussed in this section can be
followed in future data analysis for the vertical hydraulic gradient at the site.
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Considering water column ABC filled with a porous

A medium as shown in the Drawing: the upper portion,
r —F AB, hasaheight L; and contains water (or any fluid)
Ly with adensity equd to r ;; the lower portion, BC, has
aheight of L, and contains water with a density equal
B tor ,. Water in the column is assumed to bein a
r, ) hydraulic steady state, that is, no vertical flow occurs.
2 Verticad hydraulic gradient is to zero between any
i two points within the column. Also, it is assumed
C

that no density-driven flow and no density diffusion

occur across the boundary line B.

If the bottom of the column is set at the datum, that is, the elevation z equals zero at point C, from
Equation 5-39, the equivalent fresh water-head at the three points (A, B, and C) will be given as:

* Pa
h, =z,+—%
WS (5-43)
* Ps
h, =z, +
B B rog (544
* Pc
he =z, +—
. =Zc > (5-45)
where
Pa, Ps, and pc = Thegroundwater pressure gages at points A, B, and C
Zn, Zg, and z- = Thedevations of pointsA, B, and C

Equations 5-43, 544, and 5-45 can be solved as follows, considering p.=0, p:=r .gL1, pc=r .gL1+r .gL>,
z=L,+L,, z=L,, and z=0:

hy =(L+L)+0=L,+L, (5-46)
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r,ok,

hB* :L2+ :glL1+ L2 (5_47)
)
« r.L, +r,L
he =0+( : lr gz 2)g=g1L1+gzL2 (5-49)
0

Becauseq ! ¢! 1, Equation 546, 547, and 548 show that the equivalent fresh-water heads at the three

points are not equal. This result contradicts the assumption that no vertical flow occurs in the water
column. Therefore, the difference in the two equivaent freshrwater heads divided by the distance
between the two points does not equd the vertical hydraulic gradient in aquifers with variable density
groundwater.

In general, the vertical hydraulic gradient between two vertically aligned points within variable density
groundwater equals the difference of the fresh-water equivaent heads at the two points divided by the

distance plusaconstant. That is:

h * _ h *
| g =—2—2-+C, (5-49)
Ll
hy' - h'
| go =—2 € +C, (5-50)
L2
hA* hC*
I'ac = L+L, + G5 (5-51)
where
e = Vertica hydraulic gradient between points A and B.
lec = Vertica hydraulic gradient between points B and C.
lac = Vertica hydraulic gradient between points A and C.
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From Equations 5-46, 5-47, and 5-48, consdering l.e = lsc = lac= 0, for steady state condition, we can
solve C,, C, and C;as:

hg -hy _ gL +L,- (L +Ly) =g, -
= =01

C, =
' Ll Ll

1 (552)

h." - h.” L +g.,L, - L,+L
C L B :gl 1 gz 2L (gl 1 2)292_ 1 (5_53)
2 2

C, =

_ he - hy _OL gL - (L+L) gk +g,l,
Lt L+L, L+ L,

(534)

Therefore, vertica hydraulic gradient between any two points in an aquifer with dendity-variable
groundwater can be calculated using the following genera equation (based on Equations 5-49 through
5-54):

h - b
ly :|—+(9- 1) (5-55)

.. = Veticd hydraulic gradient between two verticaly aligned points within the aquifer
(positive vaue represents downward gradient) [dimensionless]

h, h =  Theequivaent fresh water heads at the two points (higher elevation and lower
elevation points, respectively) [L]

I =  Vaeticd distance between the two points [L]

g = Specific gravity of groundwater between the two points [dimensionless)|
The specific gravity of groundwater between the two points should be carefully chosen when
Equation 5-55 isused. If the groundwater density is not constant between the upper and lower aguifer

zones, a thickness-weighted average of the specific gravity for multiple density strata should be used.
The weighted average of the specific gravity is calculated as follows:
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g="—-, i=12,..n (5-56)
al
i=1
where
g = The weighted average of the specific gravity of groundwater
g = The specific gravity of the i strata
l = The thickness of the i" strata
55 DIPOLE FLOW TEST

The dipole flow test (DFT), anew single-well hydraulic test for aquifer characterization, was first
proposed by Kabala (1993). The test was designed to characterize the vertical distribution of local
horizontal and vertical hydraulic conductivities near the test well. Measures of the aquifer’s anisotropy
ratio and storativity can also be obtained through DFT data analysis. DFT is a cost-effective method for
aquifer hydraulic characterization because (1) the test duration is short; the test generally lasts no more
than afew hours, and (2) no investigation-derived waste is generated because the water from the
pumping chamber is injected to the aquifer through recharge chamber.

551 M athematical M odels

Kabaa (1993) presented a mathematical model describing drawdown (or water level rise) during adipole
flow test in each of the isolated chambers of awell situated in aleaky homogeneous anisotropic aquifer.
Magjor assumptions for this origind modd are:

The aguifer is homogeneous and anisotropic and horizontally situated
The aquifer is under either leaky or confined conditions
The test well fully penetrates the aquifer thickness

Water is removed through one of the two open screened intervals and discharged to another
interval instantaneously

Linear vertica head distribution is assumed in the semiconfining layer (leaky aquitard)
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Water storage in the leaky aquitard is negligible

Flows in the aquifer zones are mainly horizonta, but primarily vertical mithin the leaky
aquitard

Wl bore storage and well losses are insignificant
“Skin effect” (short-circuiting through the sand packs) is negligible

The andytica solutions for drawdown in the pumping chamber and water level rise in the recharge
chamber are presented by Kabala (1993). The transient solution describing drawdown is given as

follows;

gt) =

20 & 1. np(d+2D) . npd > (npr,)?
S n - §n 1?°W[u.; (b, ° + ~——w/ V2 55
I - WY (b, TR (550)

+

where
s(t) = Drawdown in the pumping chamber [L]
= Time since beginning of the test [L]
= Pumping rate [L°T"]
Horizontal hydraulic conductivity [LT™]
= Aquifer thickness[L]
= Distance from the top of aguifer to the top of the upper chamber [L]
= Half of the length of the screen interval [L]

U2 o xo0 -
I

a = Aquifer anisotropy ratio, defined as K,/K, [dimensionless|
W(u, by) = Leaky aquifer well function, defined as:

Wb, = & Sexpl- y- 2yay (559
% 4y
where
U = Dimensionless time, defined as: 1,2 S/4K t
B = Leaky factor defined as: r,/(K.bb'/K’)"2
My = Radius of the well casing [L]
S = Aquifer specific storage [L™]
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b Aquitard (semi-confining layer) thickness[L]

K’ = Aquitard vertical hydraulic conductivity [LT™]
A similar solution can be derived to describe water level rise due to injection in the recharge chamber
with a negative pumping rate. Combining the pumping and injection effects, the actual drawdown in the
pumping chamber is given by:

B g sin(npD/b),,
(= pK, ba[ npD /b ]
. | + . | - d 2D W 2 12
sinp 2 Dysinp 920 costrp L1 Py s (0,2 + (0 2y

The solution for actual water level rise in the recharge chamber is given by:

sin(npD/ b),»
(= prnal[ npD /b ’
| + | - 2 o
win(mp - ) sintnp 22y cogmp -0 i (0,7 + U515

Equations (5-59) and (5-60) are the transient solutions for the dipole flow test. The steady state solution
for drawdown in the pumping chamber is as follows:

2Q & .sin(npD/b).,
t) =
) pKrbel[ npD/b ’
|-d- 2D d +D 2, (npr,)?
+ 2b

min(np%)sin(in)cos(np ) XKl (b, )y (56)

Where
Ko

Zero-order modified Bessdl function of the second kind,

I = Distance from the top of the aquifer to the bottom of the lower screen.

5.5.2 Modified Dipole Flow Test Solution for Wellbore Storage

Kabala (1998) developed anew DFT model to account for wellbore storage effects in the pumping and
injection chambers. In the wellbore storage DFT model, measured drawdown (or water level rise) is the
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sum of aquifer drawdown and wellbore storage drawdown. Dimensionless wellbore storage parameters

for the pumping and recharge chambers are defined as:.

where
Crp
CRD
fi

M

- (ri /rw)2

PD S (562
— 1- (ri /rw)2
Cro = 45 (5-63)

Dimensionless wellbore storage parameter for the pumping chamber
Dimensionless wellbore storage parameter for the recharge chamber
Radius of inner well casing (eductor pipe)[L]

Radius of well casing [L]

Aquifer storativity or specific yield [dimensionless]

Laplace transformation is used to solve the partial differential equations that describe drawdown (or water

level rise) in the pumping (or recharge) chamber during the DFT where the wellbore storage effect is

considered. The drawdown in the pumping chamber S,m, Can be described as:

Sourp(P) =S (P) + S (P) (5-64)

where p is the Laplace transformation variable, s,, (p) is the drawdown caused by pumping, and s,i (p) is

the water level caused by injection (expressed as negative drawdown). The two components of the water

level response are defined as follows:

and

2 Yy a’
;KO(JB>+4§ " Ko(yP+g,°)
n=1

Q P

4pK. b

(5-65)

: 2 S a’
cpopz[—pKo<JE)+4é : Ko(y p+0,2)] +1
n=1
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S (P) = m

[— Wp+g,’ )][—KO(J—)+4a an by Ko(w/p+gn )]

{1- P n=1 } (560

RDp[_KO(’\/_)+4 p+gn
n=1
Variablesa,, b,, and g, are defined as follows:
b . npB, np(d+D,)
a,= x§in xcog ——4~
"~ TpD, ( b ) xcos| b ] (5-67)
b .npD, np(l- D))
b, = xsin xco§ —=
"= oD (=) eos——F—] (5-69)
___ Npr,,
Oy =—F/————=
| ,—Kr /K, (569
where:
Dy = Half of the upper screened interval [L]
D = Half of the lower screened interval [L]
55.3 Dipole Flow Test Data Interpretation and Aquifer Anisotropy Estimation

The dimensionless drawdown in the pumping chamber versus dimensionless time can be plotted as
groups of type curves with different anisotropy ratios (& = K,/K,) and storativity (or specific yied)
values. The type curves are generated by plotting dimensionless drawdown s, versus dimensionlesstime
t, which are defined as follows:

_ sty
S = S(¥) (5-70)

and
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t=— (5-71)

where
Steady state drawdown or water leve rise during the DFT [L]

Adquifer hydraulic diffusivity, defined as T/S or K,/S; [L*T™]

s(¥)

5
I

Drawdown (or water level rise) data collected during the DFT then be normalized to dimensionless
drawdown (or water level rise) with values ranging from O to 1, as follows:

S(t +t0) - Shin

Sp(t) = Smax'—m (572
where
) = Normalized dimensionless drawdown (or water level rise)
S(t+ty) = Drawdown (or water leve rise) at time t+t,[L]
to = The beginning time of a given step of the DFT [T]
Srax = The maximum drawdown (or water level rise) during a given step of the DFT [L]
Shin = The minimum drawdown (or water level rise) during a given step of the DFT [L]

The normalized drawdown or water leve rise versus time are plotted for the type curve match. A scale
factor (A) is applied to the real-time plots. The scale factor is applied for two purposes: (1) transferring
rea time to dimensionless time so the horizontal axes of the type curves and test data are comparable, and
(2) adjusting the horizontal positions of the data plots so that a best match to one of the type curves can be
obtained. The scale factor is defined as:

(573)

From the type curve match, the aquifer anisotropy ratio is obtained from the value of parameter & (which
equas K/K,). In addition, aguifer horizontal hydraulic conductivity can be cdculated from the val ues of
parameters S (or §)), and A. The aquifer horizontal hydraulic conductivity K is caculated by the
following equation:
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K, =—2 (574)

DFT data collected during Step 4 recovery in the recharge chamber were considered the most suitable for
parameter estimation because the water level rise data were least affected by variations in pumping rate
variations and head fluctuations.

Tida influence during the DFT is removed using data collected from well MW-51. Comparison of water
level data from the NoVOCs™ well and observation well MW-51 shows that the tidal fluctuations in the
two wells are dmost identical. Well MW-51 aso had minimum impact from the DFT because of its
distance from the NoVOCs™ well. The least-square algorithm was used to smulate the tidal fluctuations
in the NovOCs™ well. The drawdown (or water level rise) correction procedure is similar to the
procedures presented in Section 5.1.

Figure 5-36 shows the recovery data plots and type curve match for the DFT Step 4 recharge chamber.
The type curves are generated using the DFT model considering well bore storage. The group of the type
curves in Figure 5-36 represents storativity S=0.01 and anisotropy ratios & = K,/K, = 100, 30, 10, 3, and

1. The normalized dimensionless DFT recovery data with time are represented by circleswhereas the
normalized recovery data versus scaled time (dimensionless time) are plotted as thick dash line.

From the DFT recovery data plots and type curve match (Figure 5-36), the aquifer hydraulic parameters
are estimated as: K, = 0.0115 cm/sec, 0.001 £ S £ 0.01, and K /K, = 4.93. These results are very close to
the parameter estimated by interpreting pumping test data (Section 5.3). The aquifer hydraulic parameters
estimated through DFT are also presented in Table 5-7.
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